In humans, the aldehyde dehydrogenase superfamily consists of 19 isoenzymes which mostly catalyze the NAD(P) + -dependent oxidation of aldehydes. Many of these isoenzymes have overlapping substrate specificities and therefore their potential physiological functions may overlap. Thus the development of new isoenyzme-selective probes would be able to better delineate the function of a single isoenyzme and its individual contribution to the metabolism of a particular substrate. This specific study was designed to find a novel modulator of ALDH2, a mitochondrial ALDH isoenzyme most well-known for its role in acetaldehyde oxidation. 53 compounds were initially identified to modulate the activity of ALDH2 by a high-throughput esterase screen from a library of 63,000 compounds. Of these initial 53 compounds, 12 were found to also modulate the oxidation of propionaldehyde by ALDH2. Single concentration measurements at 10 μM compound were performed using ALDH1A1, ALDH1A2, ALDH1A3, ALDH2, ALDH1B1, ALDH3A1, ALDH4A1, and/or ALDH5A1 to determine the selectivity of these 12 compounds towards ALDH2. Four of the twelve compounds shared an aromatic lactone structure and were found to be potent inhibitors of the ALDH1/2 isoenzymes, but have no inhibitory effect on ALDH3A1, ALDH4A1 or ALDH5A1. Two of the aromatic lactones show selectivity within the ALDH1/2 class, and one appears to be selective for ALDH2 compared to all other isoenzymes tested.
Introduction
Aldehydes are found throughout the body as a product of dietary metabolism and the biotransformation of neurotransmitters, carbohydrates, lipids, and endogenous amino acids [1] [2] [3] . In addition numerous aldehydes are present in the environment in smog, motor vehicle exhaust, and formed during the production of plastics [4, 5] . The accumulation of aldehydes within the body can lead to cytotoxicity and carcinogenesis [3, 4, 6, 7] . The human body has multiple systems of enzymes to alleviate aldehyde stress, one of these being the aldehyde dehydrogenases (ALDHs). The human genome has 19 functional genetic loci for members of the ALDH superfamily, most of which catalyze the NAD(P) + -dependent oxidation of aldehydes to their respective carboxylic acids, except for ALDH6A1, which catalyzes the formation of their respective CoA esters [4, 8] . ALDHs are separated into families and subfamilies based on their sequence similarity [9] . The 19 ALDHs share similar but distinct functions within the body due to their varying substrate specificities and gene expression differences. Some gene products, such as ALDH1A1 and ALDH2, are ubiquitously expressed, whereas others are expressed preferentially in certain tissues or during certain periods of development. Naturally occurring mutations within various ALDHs cause human diseases or aversive conditions such as the alcohol flush reaction (ALDH2), Sjogren-Larsson syndrome (ALDH3A2), type II hyperprolinemia (ALDH4A1), and 4-hydroxybutyricaciduria (ALDH5A1) [10] [11] [12] . In contrast, members of the ALDH1 and ALDH2 families possess broad and somewhat overlapping substrate specificities making specific assignment of function difficult. Due to the apparent overlap in their function, ALDH-selective chemical probes could aid in gaining a better understanding of the function of these ALDHs, especially those which are within the same family or subfamily.
For several years our lab has been interested in finding novel selective compounds for ALDH1A1, ALDH2, and ALDH3A1 [13] [14] [15] . ALDH1A1 and ALDH3A1 are cytosolic proteins expressed in many cell types, including ocular tissues where they appear to function as corneal crystallins. Both ALDH1A1 and ALDH3A1 are implicated in providing resistance to certain anti-cancer agents, such as cyclophosphamide [16] [17] [18] . ALDH1B1, a mitochondrial enzyme most similar to ALDH2, has recently been shown to be a potential biomarker for colon cancer [19] . ALDH1A1, along with the related cytosolic isoenzymes ALDH1A2 and ALDH1A3, contribute to retinoid metabolism [20] . ALDH1A2 and ALDH1A3 perform crucial functions during embryogenesis, as individual genetic knockout of these two genes in mice are not viable [21, 22] . ALDH2 is a mitochondrial enzyme which is most well-known for its role in acetaldehyde metabolism [23] . However, other members of the ALDH family can contribute to acetaldehyde metabolism, especially when ALDH2 activity is reduced by the presence of the ALDH2*2 allele [24] . These other isoenzymes include ALDH1B1 and ALDH1A1 [25, 26] . ALDH2, along with ALDH1A1, is implicated in the metabolism of the neurotransmitter dopamine [27] . In addition to these oxidative functions, ALDH2 can contribute to cardiovascular function through its ability to bioactivate nitroglycerin by acting as a nitrate reductase, and has been associated with cardioprotection from ischemic damage by limiting the damage from lipid peroxidation products [28] . Many of the other isoenzymes in the ALDH1, ALDH2, and ALDH3 families are also known to have a cytoprotective role against lipid peroxidation products [1] . The discovery and development of isoenzyme-selective inhibitors or activators could prove useful in evaluating the relative contributions that these related ALDH isoenzymes make toward these common substrates.
Here we report the results of a high-throughput screen designed to discover selective modulators of ALDH2 activity. The screen identified 53 compounds from a library of 63000 compounds that modulated the esterase activity of ALDH2. Commercially available compounds were then tested for their effects on the oxidation of aldehyde substrate by ALDH1A1, ALDH1A2, ALDH1A3, ALDH2, ALDH1B1, ALDH3A1, ALDH4A1, and ALDH5A1. This screen discovered a set of four aromatic lactones which exhibit potent inhibition of the ALDH1/2 family members but do not inhibit ALDH3A1, ALDH4A1, or ALDH5A1 activity. Two compounds in particular show selectivity for ALDH2 versus ALDH1A1, and one of those two shows selectivity for ALDH2 versus all other tested isoenzymes. Future characterization will include determining the mechanism by which these aromatic lactones inhibit the ALDH1/2 family of isoenzymes.
Materials and Methods

Materials
All materials were purchased from Sigma-Aldrich, unless otherwise noted.
Expression of ALDH
ALDH1A1, ALDH1A2, ALDH1A3, ALDH2, ALDH1B1, ALDH3A1, ALDH4A1, and ALDH5A1 were prepared and purified as previously described [13, 15, 29 
High-throughput Screening
63,000 compounds from ChemDiv were present in 20 μL aliquots in 2% DMSO at 25 μM concentration in 384 well plates. Primary screening was completed in 384 well clear bottom plates by measuring the increase in absorbance of para-nitrophenol at λ=405 nm (molar extinction coefficient of 18,000 M −1 cm −1 in a 50 μL assay containing 75 nM ALDH2, 0.8 mM para-nitrophenylacetate, 10 μM library compound, 2% DMSO, and 25 mM HEPES buffer, pH 7.5 on a Spectromax Plus 384 plate reader for 7 min. Additional wells on each plate either had 100 μM daidzin as a control inhibitor or no compound present to determine the normal rate. Compounds which showed greater than 35% inhibition or 1.3x activation compared to control reactions were then rescreened for validation. Compounds were cherrypicked from the mother plate to perform the validation screening which used the same esterase assay as the primary screen. Compounds which showed greater than 25% inhibition or 1.25x activation in this second screen were chosen for further analysis.
ALDH2 Dehydrogenase Screen
Commercially available compounds validated from the esterase screen were purchased from ChemDiv, ChemBridge, Princeton BioMolecular Research, and InterBioScreen. Compounds were screened for their effect on the oxidation of propionaldehyde by ALDH2. The dehydrogenase activity was assayed spectrophotometrically on a Beckman DU-640 by measuring the increase in absorbance of NAD(P)H at 340 nm (molar extinction coefficient of 6220 M −1 cm −1 ) for 2-3 min. The assay included 200 μM NAD + , 100 μM propionaldehyde, 200 nM ALDH2, 1% DMSO, and 10 μM compound in 25 mM BES, pH 7.5.
Selectivity Assays for Other ALDH Isoenzymes
Compounds which modulated the oxidation of propionaldehyde by ALDH2 were then tested for their effect on the oxidation of aldehyde substrate by ALDH1A1, ALDH1A2, ALDH1A3, ALDH1B1, ALDH3A1, ALDH4A1, and ALDH5A1. Compounds were initially tested for selectivity against ALDH1A1 and ALDH3A1. Compounds which were selective against these two isoenzymes were then tested against the other isoenzymes. The assay components for these selectivity assays were designed to provide the maximal stringency toward ALDH2 such that the substrate concentration utilized was >500-fold above K M for ALDH2 while keeping below 15-fold over K M for the other isoenzymes. The dehydrogenase activity was assayed spectrophotometrically on a Beckman DU-640 by measuring the increase in absorbance of NAD(P)H at 340 nm (molar extinction coefficient of 6220 M −1 cm −1 ) for 2-3 min. For the other ALDH1A family members, the assays included 200 μM NAD + , 100 μM propionaldehyde (K M values ~ 50 μM for ALDH1A1 and ALDH1A2 [30, 31] and K M value for ALDH1A3 determined empirically by varying propionaldehyde concentration), 100-200 nM enzyme, 1% DMSO, and 10 μM compound in 25 mM BES, pH 7.5. The assay for ALDH1B1 included 500 μM NAD + and 200 μM propionaldehyde (K M ~ 14 μM [32] ). For ALDH4A1, the assay included 1.5 mM NAD + and 20 mM propionaldehyde (K M ~ 9 mM [33] ). For ALDH5A1, the assay included 1.5 mM NAD + and 2 mM propionaldehyde (K M ~ 600 μM [34] ). For ALDH3A1, the assay included the commonly utilized substrate benzaldehyde at 300 μM (K M ~ 200 μM [35] ), 300 μM NADP + , 20 nM ALDH3A1, 1% DMSO, and 10 μM compound. ALDH3A1, ALDH4A1, and ALDH5A1 also used 100 mM sodium phosphate buffer, pH 7.5.
Substrate Competition Assay
Steady-state kinetics were used to determine the mode of inhibition by varying inhibitor and substrate concentrations for the prototypical member of this inhibitor family; 2P4. Dehydrogenase activity was measured on a Cary Eclipse fluorimeter by monitoring the fluorescence of NADH at 470 nm after excitation at 320 nm for 2 min measuring every five seconds. Assay conditions included 5 nM ALDH2, 400 μM NAD + , 75-600 nM propionaldehyde, 0.2% DMSO, and 0-80 nM inhibitor in 100 mM NaP i , pH 7.0 in 3 mL reaction volume. The reaction was initiated by addition of substrate. Due to the low concentrations of substrate used in the assay, all reagents were filtered to remove additional aldehyde contaminants. A standard curve of the fluorescence of NADH from 10 nM to 3000 nM was used to convert the arbitrary fluorescence units into the amount of NADH produced during the experiment. All data were fit to the tight binding non-linear velocity expressions for competitive, non-competitive, mixed-type non-competitive, and uncompetitive inhibition using SigmaPlot (v12, Enzyme Kinetics Module) to evaluate goodness of fit. LineweaverBurk plots were generated using SigmaPlot to better visualize the mode of inhibition. All data represent the average of four independent experiments of duplicate assays at each concentration.
Results and Discussion
High-throughput ALDH2 Esterase Screen
Primary screening identified 1495 compounds from a 63,000 compound library which either activated the esterase activity of ALDH2 at least 1.3-fold or inhibited it by at least 35%. Of these 1495 compounds, only 57 of them were identified as activators of the esterase activity. In the secondary screen, 53 compounds, 11 activators and 42 inhibitors, modulated the esterase activity of ALDH2 greater than 25%. Figure 1A depicts the primary screen results for these 53 hit compounds.
ALDH2 Dehydrogenase Screen
Out of the 53 lead compounds identified by the high-through esterase screen, 45 were commercially available. Compounds were ordered and initially tested for their effect at 10 μM concentration on the oxidation of propionaldehyde by ALDH2 on a Beckman DU-640 ( Figure 1B) . Several compounds showed no effect on the dehydrogenase activity of ALDH2 at 10 μM despite exhibiting effects on the esterase activity in the high-throughput screen. However, eleven compounds did inhibit the oxidation of propionaldehyde by ALDH2 >20%, and one activated the activity >20% (P0146I21).
Selectivity of Screening Compounds
Compounds which modulated the oxidation of propionaldehyde by ALDH2 >20% were then examined for their effects on the dehydrogenase activity of ALDH1A1 and ALDH3A1 (Table 1 ). The relative concentrations of substrate used with ALDH1A1 (~2-to 5-fold over K M ) and ALDH3A1 (~1.5-fold over K M ) are low compared to the relative concentration of ALDH2 used (~500-fold > K M ). Therefore, if a compound does modulate the activity of ALDH2 any effect on the other two isoenzymes should be easily measureable. Several of the compounds modulated the oxidation of aldehyde substrate by one or both ALDH1A1 and ALDH3A1. One compound activated the dehydrogenase activity of all three isoenzymes (P00146L21) and a different compound greatly inhibited the activity of all three isoenzymes (P0024N09), both showing a lack of selectivity for any one of the three isoenzymes. Three compounds showed selectivity for ALDH2 at 10 μM concentration (P0008L19, P0027H05, and P0038F16). However, a second batch of P0027H05 ordered after initial testing did not inhibit ALDH2 dehydrogenase activity at this concentration. Two other compounds identified by this screen were structurally similar to P0008L19 and P0038F16 (P0038B18 and P0038D18).
Characterization of Aromatic Lactones
The four structurally similar compounds (P0008L19, methyl-2-[(4-methyl-2-oxo-2H-chromen-7-yl)oxy]propanoate, 2BS4; P0038F16, 2,3,5,6-tetramethylfuro[3,2-g]chromen-7-one, 2P4; P0038B18, 3,5-dimethyl-6-propylfuro[3,2-g]chromen-7-one, 2CB5; P0038D18, 2,3,5-trimethyl-6-propyl-7H-furo[3,2-g]chromen-7-one, 2P3) are aromatic lactones ( Figure  2A ). Three of them (2P3, 2P4, and 2CB5) share the same core three-ringed aromatic structure, differing only in the alkyl chains bound to the aromatic rings. The fourth, 2BS4, shares the two six-membered rings with the other three; however, in place of the furan ring 2BS4 has a short alkyl chain with a terminal ester group connected to the aromatic system via an ether linkage with the ether oxygen in the same position relative to the oxygen in the furan ring in the other three compounds. 2BS4 also lacks an alkyl chain proximal to the lactone carbonyl.
However, if this class of compounds demonstrates uncompetitive inhibition towards substrate the substrate concentration utilized (~500-fold > K m ) for measuring ALDH2 activity would actually enhance the inhibition relative to the other isoenzymes, since the substrate concentrations utilized in their assays were much closer to their respective K m values. To exclude this particular scenario, the mode of inhibition with respect to substrate binding for 2P4 was measured for ALDH2. The kinetic data for 2P4 inhibition when varying substrate best fit the tight binding mixed-type non-competitive mode of inhibition ( Figure  2B ) with a K i = 35 ±3 nM, propionaldehyde K m = 93 ±7 nM, and α= 2.1 ±0.3. This result supports our assay design where the assay for ALDH2 dehydrogenase activity is the most stringent of the isoenzymes with respect to the potential for inhibition.
In addition to the effect of the four aromatic lactones on the dehydrogenase activity of ALDH1A1, ALDH2, and ALDH3A1 previously measured, the lactones were tested for their effect on the oxidation of propionaldehyde by ALDH1A2, ALDH1A3, ALDH1B1, ALDH4A1, and ALDH5A1 at a concentration of 10 μM to determine their potency and selectivity for these various isoenzymes ( Figure 2C ). The substrate concentrations for the additional five isoenzymes used in these assays were between 2-and 14-fold in excess of their respective K M for propionaldehyde, considerably less than the ~500-fold above K M for propionaldehyde [36] used for ALDH2, making the ALDH2 inhibition assay the most stringent test compared to the other isoenzymes. Propionaldehyde was used as the common substrate between assays when possible, including the cases of ALDH4A1 and ALDH5A1 where the preferred substrates of γ-glutamate semialdehyde (ALDH4A1) and succinic semialdehyde (ALDH5A1) were difficult to obtain. In our hands the approximate K M value for ALDH1A3 was ~15 μM.
The compounds can be split into two groups, based on their selectivity and their chemical structures; the first group contains the three tri-cyclic aromatic lactones and the other group contains 2BS4 by itself. None of these compounds inhibit the dehydrogenase activity of ALDH3A1, ALDH4A1, or ALDH5A1 at the concentrations tested. 2CB5, 2P3, and 2P4 inhibit the activity of ALDH2 >80% at 10 μM. These compounds also inhibit the activity of ALDH1A1, ALDH1A2, ALDH1A3, and ALDH1B1, albeit less so than ALDH2. 2P4 does not substantially inhibit ALDH1A1 suggesting the length of the alkyl chain proximal to the carbonyl of the lactone is important for the inhibition of ALDH1A1. A compound with a shorter methyl chain (2P4) does not inhibit ALDH1A1 whereas compounds with longer propyl chains (2CB5 and 2P3) do inhibit ALDH1A1. This finding is consistent with the larger substrate binding channel found in the ALDH1A1 isoenzyme. Additionally, the shorter methyl chain of 2P4 appears to limit the inhibitory potency of the compound to all of the ALDH1/2 isoenzymes, as 2P4 shows less inhibition compared to 2P3 for all of the ALDH1/2 isoenzymes, which may relate to the largely hydrophobic substrate channels found in all of these isoenzymes. Comparing the action of 2CB5 and 2P3, the methyl chain proximal to the furan oxygen appears to play a role in the extent of inhibition toward these isoenzymes. For each of the ALDH1/2 isozymes 2P3 inhibits greater than 2CB5. However, 2P4, which shares the methyl chain proximal to the furan oxygen, shows less inhibition than 2CB5 which lacks this particular methyl chain. This highlights the relative importance of the two alkyl chains which differ between these three compounds. It appears that increased hydrophobic interactions from the alkyl chains lead to more effective inhibition, as the compound with the most and longest alkyl chains (2P3) is the only compound of the three to inhibit each ALDH1A and ALDH1B member by at least 60%. 2BS4 inhibits ALDH2 similar to 2CB5 and 2P3, but did not inhibit the activity of any other isoenzyme tested, making it the most selective compound of the four. However, 2BS4 is an ester and may be a competitive substrate for the esterase reaction of ALDH2, which would also compete with aldehyde oxidation since the same active site residues catalyze both reactions. To help determine how 2BS4 may be acting, the effect of 2-[(4-methyl-2-oxo-2H-chromen-7-yl)oxy]propanoic acid (the free acid form of 2BS4) and 4-methyl-7-[(3-oxobutan-2-yl)oxy]-2H-chromen-2-one (the methyl ketone of 2BS4) on the oxidation of propionaldehyde by ALDH2 was examined. Neither the free acid nor the terminal ketone analogs inhibited ALDH2, suggesting that the ester group itself, and not the carbonyl, is important for the inhibition of ALDH2. The lack of inhibition by the free acid is consistent with the fact that acid products are generally not inhibitory for most ALDH2/substrate combinations. In addition, pre-incubation of 2BS4 with ALDH2 for up to sixty minutes showed no evidence of a time-dependent mechanism of inhibition and no time-dependent change to the apparent IC 50 for 2BS4 inhibition of ALDH2 (data not shown), suggesting that if hydrolysis is occurring it is slow relative to para-nitrophenylacetate hydrolysis or propionaldehyde oxidation.
Conclusion
The aromatic lactones identified by this screen are potent (2P4 K i ≈ 35 nM for ALDH2) inhibitors of the ALDH1/2 isoenzymes. These compounds, upon further development, could be used to better determine the functions of each isoenzyme. These compounds also have therapeutic potential as inhibitors of the ALDH1/2 family of enzymes have medicinal applications as modulators of dopamine metabolism, antidipsotropic drugs, and as chemotherapy sensitizers. However, a strictly ALDH2-selective compound remains elusive as separating the inhibition of ALDH2 from the inhibition of ALDH1A1 has been difficult. Additionally, the effect of many currently used ALDH1A1 and ALDH2 inhibitors (for instance, disulfiram, daidzin or DEAB) on the related but lesser-studied ALDH1A2, ALDH1A3, and ALDH1B1 has not been fully examined. Two of the lactones reported here, 2P4 and 2BS4, appear to inhibit ALDH2 without inhibiting ALDH1A1 achieving the separation in inhibition rarely seen in previous compounds. Future studies will include determining the dose-dependent effects of these four compounds on the various isoenzymes and determining the binding site of these compounds through x-ray crystallography to further the development of these aromatic lactones as ALDH1/2 inhibitors, with the hope that slight structural modifications will yield an ALDH1A1-selective or ALDH2-selective inhibitor. A) Primary screen results for the 53 lead compounds. The esterase activity of ALDH2 with 10 μM compound present was compared to the activity of ALDH2 in the absence of compound (-control). Selection criteria was either >130% activity or <65% activity. The positive control was 100 μM daidzin. B) Effect of the 53 lead compounds on the dehydrogenase activity of ALDH2. The oxidation of propionaldehyde by ALDH2 with 10 μM compound present was compared to the activity of ALDH2 in the absence of compound. Value is an average of 2 trials. Value is the average of at least three independent trials (n≥3) with standard error, except for the measurement of ALDH1B1 activity with 2P4 (n=2).
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